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HIGHLIGHTS 


►  Dual-scale  porous  Ni— LSGM  composites  are  fabricated  using  impregnation  method. 

►  Low  ASR  values  of  0.011  Q  cm2  are  obtained  at  550  °C  for  the  Ni— LSGM  composite  anodes. 

►  Power  densities  of  1.05  W  cm-2  are  obtained  at  550  °C  for  LSGM-electrolyte  fuel  cells. 
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Highly  active  Ni-cermet  anodes  for  thin  Lao.9Sro.iGao.8Sro203-s  (LSGM)  electrolyte  solid  oxide  fuel  cells 
are  fabricated  by  impregnating  aqueous  nickel  nitrate  solutions  into  porous  LSGM  backbones,  followed 
by  calcinations  at  700  °C.  High  Ni  loadings,  e.g„  I'm,  =  7.9%,  are  mandatory  for  obtaining  well- 
interconnected  Ni  coatings  on  the  internal  surfaces  of  the  supporting  LSGM  structures,  where  good 
chemical  compatibility  is  confirmed  by  the  X-Ray  diffraction  patterns.  The  polarization  resistances  are 
impressively  low  for  the  I'm,  =  7.9%  anodes  in  humidified  hydrogen,  ranging  from  0.008  Q  cm2  at  650  °C 
to  0.011  Q  cm2  at  550  °C.  Thin  LSGM  electrolyte  fuel  cells,  impregnated  with  Ni  anodes  and 
Smo.5Sro.5CoO3_5-Ceo.8Smo.2O19  (SSC  -  SDC)  cathodes,  exhibit  superior  power  densities  at  reduced 
temperatures,  e.g„  1.60  and  1.05  W  cnr2  at  650  and  550  °C,  respectively. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  solid  oxide  fuel  cell  (SOFC)  is  an  attractive  electrochemical 
device  for  efficient  and  clean  production  of  electricity  from  fossil 
fuels  [1],  Decreasing  the  operating  temperature  from  the  current 
regime  of  700—850  °C  down  to  500—650  °C  has  been  a  long¬ 
standing  goal  in  the  SOFC  development  that  can  reduce  materials 
and  system  cost,  allow  the  use  of  inexpensive  alloy  interconnects, 
simplify  the  gas  sealing  challenge  and  enhance  the  fuel  cell  dura¬ 
bility  [2],  Strontium-  and  magnesium-doped  lanthanum  gallate 
(LSGM)  has  emerged  as  a  promising  electrolyte  for  reduced- 
temperature  SOFCs  due  to  its  high  oxide  ionic  conductivity,  negli¬ 
gible  electronic  conductivity  as  well  as  outstanding  stability  over 
a  wide  oxygen  partial  pressure  range  [3,4],  For  example,  the  oxide 
ionic  conductivities  for  LSGM  were  typically  0.17  S  cm-1  at  800  °C 
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and  0.034  S  cm  1  at  600  °C  [5],  which  were  approximately  five 
times  larger  than  the  commonly  used  SOFC  electrolyte,  yttrium- 
stabilized  zirconia  (YSZ).  Electrolyte-supported  and  thick  film 
LSGM  SOFCs  have  been  fabricated  and  shown  excellent  perfor¬ 
mance  at  800  °C.  Single  SOFCs  with  200  micron  thick  LSGM  elec¬ 
trolytes  exhibited  maximum  power  densities  of  1.4  W  cm-2  at 
800  °C  with  no  obvious  degradation  during  a  30-day  durability 
testing  [6],  Nevertheless,  the  fuel  cell  power  densities  were  still 
unacceptably  small  at  lower  temperatures  (e.g.,  600  °C)  due  to  large 
ohmic  resistance  losses  from  thick  electrolytes.  Decreasing  the 
electrolyte  thickness  is  therefore  required  for  LSGM-electrolyte  fuel 
cells  to  deliver  high  power  densities  at  reduced  temperatures. 

Note  that  the  area-specific  resistance  (ASR)  for  a  15  pm  thick 
LSGM  electrolyte  is  approximately  =0.05  Q  cm2  at  600  °C  [5], 
which  is  low  enough  to  attain  a  targeted  total  ASR  value  of 
0.3  Q  cm2  (including  the  electrode  polarization  resistances)  and 
yield  power  densities  of  1  W  cm-2.  Nonetheless,  fabrication  of  thin 
LSGM  electrolyte  SOFCs  has  been  challenging  due  to  chemical 
reactions  or  atomic  migration  of  LSGM  electrolyte  with  adjacent 
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electrodes  when  co-fired  at  high-temperatures  to  density  the 
electrolyte  layer.  Insulting  compounds  such  as  LaNi03,  LaSrGa3C>7 
and  LaSrGa(Ni)04_8  formed  after  firing  a  binary  powder  mixture  of 
NiO  and  LSGM  at  1050-1400  °C  [7-10],  Chemical  reactions  were 
also  observed  at  high  temperatures  between  LSGM  and  doped  ceria 
or  zirconia  [7,11,12],  For  typical  perovskite  cathodes  like 
Lai_xSrxMn03_(5  and  Lai_xSrxCoi_j,Fey03_,5,  no  major  second  phases 
were  observed  when  co-fired  with  LSGM.  However,  interdiffusion 
of  cations  could  produce  less  conductive  compounds  as  the  elec¬ 
trodes  and  introduce  electronic  conduction  in  the  electrolyte, 
which  inevitably  influences  the  fuel  cell  power  density,  long-term 
stability  as  well  as  the  system  efficiency  [13,14], 

Huang  and  Goodenough  showed  that  Lao.4Ceo.602-5  (LDC) 
exhibited  an  iso-La  chemical  activity  against  LSGM  and  could  be 
used  as  a  barrier  layer  between  the  LSGM  electrolyte  and  the 
neighboring  electrodes  [15,16],  Maximum  power  densities  as  high 
as  1.1  W  cm-2  were  achieved  at  750  °C  for  thin  LSGM-electrolyte 
SOFCs  with  thick  nickel  anode  supports  and  thin  LDC  barrier 
layers  fabricated  using  the  high  temperature  co-firing  technique 
[17—19],  Nonetheless,  a  small  amount  of  nickel  still  diffused  into 
the  LSGM  electrolyte,  introducing  electronic  conductivity  within 
the  electrolyte  and  thus  resulting  in  open  circuit  voltage  values  of 
about  100  mV  lower  than  the  Nernst  potential  [17],  Additionally, 
the  presence  of  the  LDC  barrier  layer  substantially  increased  the  cell 
ohmic  resistance  and  thereby  limited  the  cell  power  densities  at 
reduced  temperatures  [17], 

Pulsed  laser  deposition  was  adopted  by  Yan  and  Ishihara  to 
deposit  the  thin  LSGM  electrolytes,  where  the  atomic  migration  or 
chemical  reaction  along  the  interfaces  was  avoided  since  there  was 
no  high  temperature  step  during  the  fuel  cell  fabrication.  Maximum 
power  densities  of  1.95  W  cm-2  at  600  °C  were  observed  for  the 
resulting  LSGM/doped  ceria  bi-layer  electrolyte  fuel  cells  operated 
on  hydrogen  fuels  and  pure  oxygen  oxidants  [20-22],  Here  we 
report  the  fabrication  of  dual-scale  Ni-LSGM  anodes  by  high 
temperature  ceramic  processing  and  low  temperature  solution 
impregnation.  The  composite  anodes  feature  nanoporous  Ni  cata¬ 
lyst  coatings  supported  on  the  internal  surfaces  of  high-porosity 
LSGM  backbones,  demonstrate  superior  catalytic  activity  for 
hydrogen  oxidation  and  thus  produce  impressively  low  polariza¬ 
tion  resistances  at  reduced  temperatures. 

2.  Experimental 

The  dual-scale  Ni-LSGM  anode  was  fabricated  based  upon  an 
LSGM  tri-layer  structure  —  300  pm  and  60  pm  thick  porous  layers 
separated  by  a  15  pm  thick  dense  layer,  which  was  produced  by 
laminating  three  tape-cast  ceramic  green  tapes,  with  rice  starch  as 
the  fugitive  material  for  the  two  porous  layers.  Powders  of  LSGM 
(5  m2g_1,  Praxair)  and  rice  starch  were  ball-milled  in  a  weight  ratio 
of  60:40  for  24  h  with  appropriate  amounts  of  dispersant,  binder, 
plasticizer  and  solvent.  The  resulting  homogeneous  slurry  was  then 
cast  under  the  doctor  blade.  After  drying,  green  LSGM-starch  sheets 
of  =  90  pm  thick  were  obtained.  Similarly,  green  LSGM  electrolyte 
sheets  of  =20  pm  thick  were  prepared  by  casting  LSGM  slurry  that 
was  formed  in  the  same  way  as  in  the  case  of  LSGM-starch  except 
that  no  pore  former  was  added.  Four  sheets  of  LSGM-starch,  one 
sheet  of  LSGM  and  one  sheet  of  LSGM-starch  were  stacked  and 
uniaxially  laminated  at  75  °C  for  10  min  under  a  pressure  of  3000 
psi,  which  were  then  co-sintered  at  1450  °C  for  6  h  in  order  to 
density  the  LSGM  electrolyte  layer.  Nickel  oxide  was  added  into  the 
porous  LSGM  backbones  by  impregnating  a  4  M  aqueous  nickel 
nitrate  solution  into  the  porous  LSGM  backbones,  followed  by 
calcinations  at  700  °C  for  30  min.  Nickel  nitrates  were  99%  pure  and 
purchased  from  Sinopharm  Chemical  Reagent.  Multiple  impreg¬ 
nation/firing  cycles  were  used  to  introduce  a  sufficient  amount  of 


nickel  oxide  into  the  LSGM  backbones.  The  quantity  of  the  depos¬ 
ited  NiO  catalysts  was  estimated  by  the  weight  difference  before 
and  after  each  impregnation/firing  cycle.  Nickel  oxide  was  reduced 
to  Ni  metal  upon  exposure  to  hydrogen  fuels. 

The  electrochemical  properties  of  the  dual-scale  Ni-LSGM 
anodes  were  assessed  on  both  symmetric  cells  and  anode- 
supported  fuel  cells.  For  symmetric  cells,  Ni  was  impregnated 
into  both  porous  LSGM  layers.  For  anode-supported  cells,  the  60  pm 
thick  porous  LSGM  layers  were  simultaneously  impregnated  with 
Smo  5Sro  5Co03_(s  (SSC)  and  Ceo.8Smo.20i.9  (SDC)  in  a  weight  ratio  of 
70/30  (SSC/SDC)  as  previously  described,  whereas  the  300  pm  thick 
porous  LSGM  substrates  were  impregnated  with  nickel  oxide.  Silver 
ink  was  painted  on  the  electrode  surface  as  the  current  collector, 
and  silver  wires  were  used  as  the  voltage  and  current  leads.  The 
active  electrode  area  was  0.28  cm2.  All  impedance  data  were  ob¬ 
tained  using  an  IM6  Electrochemical  Workstation  (ZAHNER, 
Germany)  with  an  ac  perturbation  of  20  mV.  The  frequency  range 
for  impedance  measurement  was  0.1  Hz-100  kHz.  97%  H2-3%  H20 
was  used  for  the  measurement  of  the  anode  polarization  resistance 
in  the  symmetric  cells.  The  anode  supported  fuel  cell  was  tested  at 
temperatures  from  500  °C  to  650  °C  with  the  cathode  exposed  to 
ambient  air  and  the  anode  to  97%  H2-3%  H20  at  a  flow  rate  of 
100  mL  min-1.  The  cell  structure  was  examined  after  testing  using 
scanning  electron  microscopy  (SEM)  in  a  Hitachi  S-4800-I1 
microscope. 

3.  Results  and  discussion 

The  dual-scale  Ni-LSGM  composite  anode  was  based  upon 
a  porous  LSGM  backbone  that  exhibited  a  homogeneous  pore 
structure  after  burning  the  fugitive  rice  starch  in  the  green  tapes. 
Microstructural  examination  using  scanning  electron  microscopy 
indicated  that  the  LSGM  backbone  had  an  average  pore  size  of 
=3  pm.  The  apparent  porosity  was  approximately  55%,  as 
measured  by  the  Archimedes’  method  with  an  immersion  medium 
of  water.  A  thin  layer  of  nickel  oxide  was  deposited  on  the  internal 
surfaces  of  the  porous  LSGM  backbones  by  impregnating  an 
aqueous  nickel  nitrate  solution  with  subsequent  calcinations  at 
700  °C.  A  single  impregnation/calcination  cycle  yielded  a  Ni  volume 
loading  Vm  of  0.6%  in  the  porous  LSGM  backbone.  Fig.  la  shows  an 
SEM  micrograph  of  the  Ni-LSGM  composite  anode  at  VNi  =  0.6% 
after  exposure  to  hydrogen  at  650  °C,  showing  that  the  Ni  coating 
was  quite  uniform  on  the  pore  walls.  Fig.  lb  shows  a  higher 
magnification  view  of  the  Ni  coating.  Obviously,  most  of  the  Ni 
particles  were  isolated  from  each  other  at  such  a  low  Ni  loading.  In 
order  for  the  Ni-LSGM  composite  to  function  well  as  the  fuel  cell 
anode  -  catalyzing  the  fuel  oxidation  and  collecting  the  electrical 
current,  multiple  cycles  of  impregnation  and  calcination  were 
performed  to  increase  the  nickel  loading  and  improve  the  nickel 
phase  connectivity.  Fig.  2  shows  the  SEM  micrographs  of  the  Ni- 
LSGM  composite  anode  at  VNi  =  7.9%  after  =14  impregnation 
cycles  that  exhibit  well  interconnected  nickel  coating.  Comparison 
of  Figs.  2b  and  lb  indicates  that  the  Ni  particles  increased  from 
=30  nm  at  VNi  =  0.6%  to  =80  nm  at  VNi  =  7.9%,  which  can  be 
explained  by  the  repeated  calcination  cycles  at  700  °C  that  can 
promote  the  NiO  agglomeration  and  coarsening.  X-Ray  diffraction 
patterns  in  Fig.  3  for  the  Vm  =  7.9%  anode  showed  the  existence  of 
NiO  and  LSGM  prior  to  hydrogen  reduction.  Despite  several  minor 
unknown  peaks,  formation  of  impurities  like  LaNi03,  LaSrGa307 
and  LaSrGa(Ni)04-5  can  be  excluded  in  the  impregnated  NiO-LSGM 
anodes,  showing  good  chemical  compatibility  between  the  infil¬ 
trate  catalyst  coating  and  the  LSGM  backbone  where  the  highest 
temperature  step  after  infiltration  was  700  °C. 

The  catalytic  activity  of  the  dual-scale  Ni-LSGM  composite 
anode  for  hydrogen  oxidation  was  initially  evaluated  on  the 
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Fig.  1.  The  SEM  micrograph  of  an  operated  Ni-LSGM  anode  with  VNi  =  0.6%  at  (a)  low 
and  (b)  high  magnification. 


symmetric  fuel  cells:  Ni-LSGM|LSGM|Ni-LSGM,  where  Ni  was 
impregnated  into  both  porous  LSGM  backbones.  The  impedance 
data  were  collected  in  a  uniform  atmosphere  of  97%  H2— 3%  H2O. 
Fig.  4  shows  the  Nyquist  plot  of  the  VNi  =  7.9%  symmetric  anode  fuel 
cells  at  varied  temperatures.  The  anode  polarization  resistances  (Ra) 
correspond  to  the  magnitude  of  the  arcs  in  Fig.  4,  as  determined  by 
the  difference  between  the  high-  and  low-frequency  intercepts  of 
the  real  axis.  Note  that  the  data  were  multiplied  by  0.5  to  account 
for  two  anodes.  The  Ra  value  for  the  VNi  =  7.9%  anode  varied  from 
0.008  Q  cm2  at  650  °C  to  0.011  Q  cm2  at  550  °C.  The  impressively 
low  polarization  resistances  of  the  impregnated  Ni-LSGM  anodes 
have  previously  been  explained  by  the  very  high  density  of  triple¬ 
phase  (Ni-LSGM-pore)  boundaries  in  the  dual  micron  and  nano¬ 
scale  porous  structure  [23].  The  micron-scale  anodes  have  much 
higher  Ra  values,  e.g.,  2.4  Q  cm2  in  humidified  hydrogen  at  650  °C 
for  the  conventional  NiO-YSZ  cermets  prepared  by  sintering  the 
their  powder  mixture  [24],  Klemenso  et  al.  fabricated  the  impreg¬ 
nated  NiO-YSZ  composite  in  a  similar  manner  and  reported  an  Ra 
value  of  0.25  Q  cm2  in  97%  H2-3%  H20  at  650  °C,  which  seems  to 
suggest  that  the  oxide  ionic  conduction  in  the  backbones  critically 
influences  the  catalytic  behavior  of  the  composite  anode  for 
hydrogen  oxidation  reactions.  Similar  effect  on  the  oxygen  reduc¬ 
tion  reaction  has  been  observed  in  the  dual  scale  SSC  -  LSGM  and 
SSC  -  YSZ  cathodes  [25],  The  VNi  =  7.9%  anode  polarization  resis¬ 
tances  are  also  lower  than  our  previously  reported  Ra  value  of 


Fig.  2.  The  SEM  micrograph  of  an  operated  Ni-LSGM  anode  with  VN1  =  7.9%  at  (a)  low 
and  (b)  high  magnification. 

0.03  Q  cm2  at  650  °C  for  the  impregnated  Ni-LSGM  anode  at 
Vni  —  2.5%  [23],  This  difference  might  result  from  different  pore 
structures  of  the  LSGM  backbones  and  different  measurement 
method,  where  the  VNi  =  2.5%  anode  Ra  value  was  obtained 
by  subtracting  the  cathode  polarization  resistance  from  the  total 
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Fig.  3.  XRD  pattern  of  an  NiO-LSGM  composite  anode  with  VNi  =  7.9%. 
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with  VNi  =  7.9 %  in  97%  H2-3%  H20  at  (a)  650  °C,  (b)  600  °C,  (c)  550  °C  and  (d)  500  "C. 


electrode  polarization  resistance  for  an  anode-supported  fuel 
cell  [23], 

The  R3  value  for  the  Ni-LSGM  anodes  at  550  °C  with  varied  Ni 
loadings  are  shown  in  Fig.  5,  together  with  the  pure  ohmic  resis¬ 
tances  of  the  cell  (R0)  obtained  from  the  high-frequency  intercepts 
in  the  Nyquist  plot  as  shown  in  Fig.  4c.  Notably,  decreasing  the  Ni 
loading  resulted  in  higher  R3  and  R0  values.  For  example,  with  the  Ni 
loading  decreasing  from  Vm  =  7.9%  to  Vni  =  1.8%,  the  R0  value 
increased  from  0.17  Q  cm2  to  0.26  Q  cm2,  and  the  R3  value  increased 
from  0.014  Q  cm2  by  a  factor  of  8  to  0.108  Q  cm2.  This  is  not 
surprising  given  that  the  reduced  Ni  phase  connectivity  at  low  Ni 


impedance  spectra  for  the  symmetric  anode  fuel  cells,  versus  the  Ni  loading  (VNi). 

loadings,  as  evidenced  by  comparison  of  Figs.  1  and  2,  would  disable 
the  electrochemical  activity  of  the  isolated  Ni  particles  and 
decrease  the  electronic  conductivity  of  the  Ni-LSGM  composite 
anodes. 

The  electrochemical  property  of  the  dual-scale  Ni-LSGM 
composite  anode  was  also  evaluated  on  an  anode-supported  fuel 
cell:  (Ni)-LSGM|LSGM|(SSC/SDC)-LSGM,  where  SSC/SDC  in  a  weight 
ratio  of  70/30  was  impregnated  into  the  thin  porous  LSGM  layer 
while  Ni  was  impregnated  into  the  thick  porous  LSGM  support. 
SSC/SDC  was  chosen  as  the  active  cathode  component  due  to  its 
high  catalytic  activity  for  oxygen  reduction  and  low  polarization 
resistances,  e.g.,  0.020  Q  cm2  at  650  °C  and  0.075  Q  cm2  at  550  °C 

[26] ,  Fig.  6a  shows  the  cell  voltages  and  power  densities  as  a  func¬ 
tion  of  current  densities  for  such  a  fuel  cell,  operating  on  97%  H2 — 
3%  H20  and  ambient  air  at  500-650  °C.  The  open  circuit  voltages 
ranged  from  1.10  V  to  1.14  V  and  were  in  good  agreement  with  the 
thermodynamically  predicted  Nernst  potentials,  indicative  of  good 
gas  impermeability  of  the  15  pm  thick  LSGM  electrolyte  layer  and 
elimination  of  atomic  migration  between  the  LSGM  electrolyte  and 
the  active  electrode  component  such  as  Ni  and  SSC/SDC.  The 
maximum  power  densities  were  1.60, 1.31, 1.05  and  0.73  W  cm-2  at 
650,  600,  550  and  500  °C,  respectively.  Fig.  6b  shows  the  Nyquist 
plots  of  the  cell  impedance  at  open  circuits  that  exhibited  pure 
ohmic  resistances  of  0.079,  0.144,  0.187  and  0.250  Q  cm2  as  well  as 
total  area  specific  resistances  of 0.153, 0.271, 0.368,  and  0.545  Q  cm2 
at  650  °C,  600,  550  and  500  °C,  respectively.  Due  to  the  extremely 
small  polarization  resistances  of  the  anode,  the  cathode  polariza¬ 
tion  resistances  can  be  approximated  as  the  magnitude  of  the  arcs 
in  Fig.  6b,  i.e„  0.074, 0.127, 0.181  and  0.295  0.  cm2  at  650  °C,  600, 550 
and  500  °C,  respectively.  These  polarization  resistances  for  SSC/SDC 
impregnated  LSGM  cathodes  were  2-4  times  larger  than  previ¬ 
ously  reported  values  which  were  obtained  from  impedance 
measurement  on  the  symmetric  cathode  fuel  cells  [26],  Note  that 
the  pure  ohmic  resistances  in  Fig.  6b  were  a  little  higher  than  the 
expected  values  for  the  15  pm  thick  LSGM  electrolyte,  probably 
resulting  from  current  collection  losses  in  the  testing  setup. 

The  above  results  have  shown  that  the  dual-scale  Ni-LSGM 
anodes  are  highly  active  for  electrochemical  oxidation  of  hydrogen. 
The  kinetics  for  hydrogen  oxidation  in  the  Ni-cermet  anode  is 
governed  by  a  number  of  fundamental  physicochemical  processes, 
including  gas  transport  within  the  pores,  adsorption  and  desorp¬ 
tion  of  gas  species  on  the  nickel  surfaces,  chemical  reactions  of 
surface  adsorbants  as  well  as  charge  transfer  reactions  along  the 
triple-phase  boundaries  that  supply  oxygen  on  the  nickel  surfaces 

[27] ,  As  shown  in  Fig.  4,  the  Nyquist  plots  exhibited  two  depressed 
semicircles,  centered  at  1  kHz  and  10  Hz,  respectively.  When 
decreasing  the  temperature  from  650  °C  to  550  °C,  the  high- 
frequency  semicircles  increased  dramatically,  whereas  the  low- 
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Fig.  6.  (a)  Voltage  and  power  density  versus  current  density  and  (b)  impedance 
spectra  for  an  anode-supported,  thin  LSGM  electrolyte  fuel  cell  with  electrode  loadings 
VNi  =  7.9%  and  VSSC-sdc  =  12.9%  measured  in  97%  H2-3%  H20  fuels  and  ambient  air 
oxidants. 


frequency  semicircles  remained  almost  unaltered.  The  magnitude 
of  the  high-frequency  semicircles  is  estimated  from  the  Nyquist 
plots  and  is  summarized  in  Fig.  7  for  the  dual-scale  Ni-LSGM  anodes 
at  varied  Ni  loadings.  The  activation  energy  decreased  substantially 
with  increasing  Ni  loadings.  In  particular,  the  activation  energy  was 
1.17  eV  for  VNi  —  1.8%  and  0.62  eV  for  Vni  —  7.9%,  showing  different 


Temperature  (°C) 


different  Ni  loadings  at  varied  temperatures,  derived  from  the  impedance  data,  plotted 
versus  inverse  temperature. 


rate-limiting  steps  at  these  two  Ni  loadings.  Note  that  more  careful 
studies  are  required  to  get  insights  into  hydrogen  oxidation 
mechanism  behind  these  electrochemical  impedance  spectra  for 
symmetric  anode  fuel  cells. 


4.  Conclusions 

In  summary,  we  have  reported  the  fabrication  of  dual  micron 
and  nano  porous  Ni-LSGM  composite  anodes  by  coating  a  thin  layer 
of  NiO  onto  the  internal  surfaces  of  high-porosity  LSGM  backbones 
via  impregnation  and  calcinations  of  aqueous  nickel  nitrate  solu¬ 
tions.  Measurement  of  symmetric  anode  fuel  cells  revealed 
unprecedentedly  low  polarization  resistances,  e.g.,  0.011  Q  cm2  in 
97%  H2— 3%  H20  at  550  °C,  that  enabled  high  power  densities  for 
thin  LSGM  electrolyte  fuel  cells  at  reduced  temperatures.  In 
particular,  the  maximum  power  densities  were  1.60, 1.31, 1.05  and 
0.73  W  cm”2  at  650,  600,  550  and  500  °C,  respectively. 
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